Over the past 50 years, type I interferons (IFNs) have emerged as major components of the innate immune system and are recognized for their ability to combat viral infections. The major type I human IFNs include the IFN-␣ subtypes, IFN-␤, and IFN-. In addition to their antiviral (AV) function, these proteins also have antiproliferative (AP) and immunomodulatory effects on cells (10, 41). Therapeutic approaches have exploited the multiple effects of IFN, with human IFN-␣2 approved for the treatment of hepatitis B and C, as well as certain forms of cancer. Identification of genes important for AV function holds considerable potential for the development of novel prophylactics and therapeutics. However, delineating genes associated specifically with AV function from genes involved in other IFN functions has been challenging.
Over the past 50 years, type I interferons (IFNs) have emerged as major components of the innate immune system and are recognized for their ability to combat viral infections. The major type I human IFNs include the IFN-␣ subtypes, IFN-␤, and IFN-. In addition to their antiviral (AV) function, these proteins also have antiproliferative (AP) and immunomodulatory effects on cells (10, 41) . Therapeutic approaches have exploited the multiple effects of IFN, with human IFN-␣2 approved for the treatment of hepatitis B and C, as well as certain forms of cancer. Identification of genes important for AV function holds considerable potential for the development of novel prophylactics and therapeutics. However, delineating genes associated specifically with AV function from genes involved in other IFN functions has been challenging.
To activate IFN-stimulated gene transcription, the type I IFNs bind to their receptors and initiate intracellular signaling through the JAK/STAT pathway (15, 17) . IFN gene expression profiles have been previously studied by using microarray analysis (5, 13, 16, 23, 28, 34, 40) , but this work has been unable to identify IFN-induced genes under conditions that allow for AV protection without growth inhibition. Moreover, although it is possible to perform AP or AV assays individually (1, 3, 37, 30) , no assay has been described in the literature that measures both activities simultaneously.
Effective delineation of genes and proteins associated with AP and AV responses is hindered by the lack of a single platform approach. Using human Burkitt's lymphoma (Daudi) cells as the cell model, we modified an MTT assay to identify conditions that allowed for AV protection but not AP activities. Treatments with IFN-␣2c and IFN hybrid 2 [HY-2, IFN␣21b(1-95)/IFN-␣2c(96-165)] were compared, and conditions for AV protection without AP activity were identified. Gene expression analysis under conditions of AV protection revealed a set of 25 genes that are important for AV activity, with the most upregulated gene identified as IFN-induced protein with tetratricopeptide repeats 3 (IFIT3).
IFIT3 was recently described as a key mediator of AP activity of IFN-␣ (36) . The AP effect of IFIT3 correlated with increased p21 and p27, two factors that negatively regulate progression of the cell cycle from G 1 phase into S phase (36) . The transcription of IFIT3 is mediated by the formation of the ISGF3 complex containing pSTAT1, pSTAT2, and IRF9, but it also can be mediated by IRF1 through IRF9/STAT2-dependent or -independent mechanisms (18) . Different mechanisms inducing IFIT3 highlight the importance of this protein in IFN-␣ functions. However, IFIT3 was not previously shown to be associated with IFN AV activity.
In summary, this research provides a novel assay that distinguishes between AV and AP activities of type I IFNs on a Daudi cell line. Using conditions from this assay, in conjunction with gene expression analysis, enabled us to identify a number of genes not previously associated with the AV effect of IFN. IFIT3 was the most highly upregulated gene at 6 and 24 h after IFN treatment. Reduction of IFIT3 expression by small interfering RNA (siRNA) in human A549 cells resulted in decreased AV activity, suggesting an AV function for IFIT3. Overexpression of IFIT3 led to a decrease in virus titer. We illustrate here the importance of the application of biologically significant concentrations of IFN-␣ for the identification of its AV genes. This is also the first study identifying AV-associated genes of the Daudi cell line treated with IFN-␣. Demonstration of IFIT3 as an IFN-␣-induced protein associated with AV activity in Daudi cells is particularly significant given the importance of this protein in IFN-␣ functions and the lack of previous evidence linking this gene or protein to IFN AV activity.
MATERIALS AND METHODS
Cell lines. Suspension Daudi cells were selected as the human cell model based on their sensitivity to type I IFNs and their wide use in measuring IFN AP activity (10) (11) (12) . The Daudi cells were obtained from P. Grimley (Department of Pathology, Uniformed Services University of the Health Sciences, Bethesda, MD). Adherent Madin-Darby bovine kidney (MDBK) cells, green monkey kidney epithelial cells (Vero), human alveolar basal epithelial cells (A549), human cervical carcinoma cells (HeLa), human monocytoid cells (U937), and human T lymphocytes (Jurkat) were obtained from the American Type Cell Culture Collection (ATCC; Manassas, VA). Human ovary carcinoma cells (OVCAR-3) were obtained from NCI-60 collection, human hepatoma cells (Huh-7) were a generous gift from B. Rehermann (NIDDK, NIH), human B-lymphoblastoid cells (B-JAB) were a generous gift from M. Lenardo (NIAID, NIH), and human fibrosarcoma cells (2fTGH) were provided by G. Stark (The Cleveland Clinic Foundation). Human monocytes from healthy volunteers were obtained from the NIH Blood Bank. Cell lines were cultured as previously described (31) .
Viruses. Vesicular stomatitis virus (VSV; single-strand, negative-sense RNA virus, Indiana strain) was a gift from R. Friedman (Department of Pathology, Uniformed Services University of the Health Sciences, Bethesda, MD). Murine encephalomyelitis virus (EMCV; single-strand, positive-sense RNA virus) was obtained from the ATCC.
To estimate the quantity of infectious virus, harvested supernatants were evaluated by using a plaque assay on MDBK cells. Cells were seeded at 2 ϫ 10 5 per well in 24-well plates (Falcon; Becton Dickinson Labware, Franklin Lakes, NJ) and incubated for 24 h prior to virus infection. Subsequently, 5-fold dilutions of the supernatants (three pooled wells for each concentration of IFN) were transferred onto MDBK cell layers in 24-well plates and then serially diluted in 10-fold increments. After 1 h of incubation, the supernatants were removed, and MDBK cells were overlaid with fresh Dulbecco modified Eagle medium containing 2% fetal bovine serum (FBS) and methylcellulose. Cell sheets were fixed after 24 h and stained with crystal violet. Virus titers were calculated by first multiplying the plaque count by the dilution factor and then multiplying the result by the dilution factor of 5. The virus titers for VSV were 1.5 ϫ 10 7 PFU/ml on MDBK cells, 2.5 ϫ 10 5 PFU/ml on A549 cells, and 1.3 ϫ 10 6 PFU/ml on Vero cells. The virus titers for EMCV were 3.0 ϫ 10 6 PFU/ml on A549 cells and 2.3 ϫ 10 8 PFU/ml on Vero cells. To study the influence of VSV on IFN-␣2-induced gene products, Daudi cells (3 ϫ 10 6 cells in 10 ml of RPMI) were incubated with 2.5 IU of human IFN␣2a/ml and VSV (1.5 ϫ 10 4 PFU/ml). To study the time course of gene products induced by endogenous IFN, Daudi cells (3 ϫ 10 6 cells in 10 ml of RPMI) were incubated with EMCV (3.0 ϫ 10 5 PFU/ml). All samples were harvested at the indicated time points. Cell lysates were prepared and analyzed as describe above.
IFNs. IFN-␣2c and HY-2 [HY-2, IFN-␣21b (1-95)/IFN-␣2c (96-165)] were prepared and analyzed as previously described (11, 37, 41) . IFN hybrid HY-2 was selected based on our earlier observations of induced AP activity on Daudi cells, compared to IFN-␣21b and IFN-␣2c (11) . The specific AV activities of IFNs on Daudi cells were 3.5 ϫ10 8 IU/mg for IFN-␣2c and 3.5 ϫ10 7 IU/mg for HY-2. The antiproliferative activities (50% inhibition of proliferation in 48 h after IFN treatment) were 36 ng/ml for HY-2 and 0.072 ng/ml for IFN-␣2c. All IFN AV units were expressed with reference to the NIH standard Gxa01-901-535 (human recombinant IFN-␣2a).
Antiproliferative assays and neutralization of IFN antiproliferative activity. For the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich, Inc., St. Louis, MO] AP assay, Daudi cells (3 ϫ 10 4 cells/well) were treated with IFN-␣2c or HY-2 at an initial concentration of 360 ng/ml and 10-fold serial dilutions in 10% FBS-RPMI as previously described (10) .
For neutralization of AP activity, Daudi cells were mock treated or treated with 10-fold dilutions from an initial concentration of 360 ng of IFN-␣2c or HY-2/ml with or without 10 g of anti-IFN-␣2c monoclonal antibody (MAb) N54 (a generous gift from P. Kontsek, Institute of Neuroimmunology, SAS, Bratislava, Slovakia)/ml. Concentrations of IFNs that inhibit cell growth by 50% (IC 50 ) were calculated at 48 h after IFN treatment (32) .
Antiviral assays and neutralization of antiviral activities of IFNs. For the MTT antiviral assay, Daudi cells (3 ϫ 10 4 cells/well) were treated with IFN-␣2c or HY-2 for 24 h as described above, with the exception of using 2% FBS-RPMI. Subsequently, 50 l (1.5 ϫ 10 3 PFU/ml) of VSV was added per To select an optimal time point for gene expression analysis, neutralizing experiments were performed. To achieve neutralization of IFN-␣ AV activity and to study the kinetics of signal transduction for AV effect, 1 g of anti-IFNAR1 MAb 64.10 (a generous gift from M. Tovey, GenOdyssee S.A., Courtabaeuf, France)/ml was added at 6, 15, and 24 h after the IFN treatments.
Each IFN AV assay was simultaneously performed on two 96-well plates, with one used for colorimetric MTT assay and the other used for cell and cell supernatant harvest to evaluate cell viability and VSV titer. Cell viability was measured microscopically after staining cells with trypan blue in a hemocytometer (Cellometer; Nexcelom Bioscience, LLC, Lawrence, MA) according to the manufacturer's instructions.
RNA isolation. RNA was isolated by using an RNeasy minikit (Qiagen, Stanford, CA). Cells were homogenized by using QIA shredder columns, and samples were eluted in 50 l of RNase-free water. To ensure that there was no residual DNA contamination, samples were treated with RNase-free DNase (Qiagen) as described in the RNeasy protocol.
Gene expression microarray. Gene expression was initially measured in four Daudi cell groups (3 ϫ 10 6 in 10 ml of RPMI) treated for 24 h at IFN concentrations selected to allow comparison of gene activity in AV activity environments with environments in which no AV activity was observed. These treatment groups were: (i) 0.0036 ng of IFN-␣2c/ml (allowing AV activity only); (i) 0.00036 ng of IFN-␣2c/ml (no AV observed); (iii) 0.036 ng of HY-2/ml (allowing AV activity); and (iv) 0.0036 ng of HY-2/ml (no AV observed) (see Tables 3 and 4) .
To refine the list of genes associated with AV activity, samples showing AP phenotype (achieved by treatment with IFN-␣2c [0.036 ng/ml] or HY-2 [36 ng/ml]) were compared to identically treated samples manipulated to display the AV phenotype through subsequent neutralization with anti-IFNAR1 MAb 64.10 (1 g/ml). Gene expression was also measured in cells treated with 2.5 IU of IFN standard Gxa01-901-535/ml, a concentration allowing AV protection. AV protection of IFN standard (2.5 IU/ml) was completely neutralized using the same concentration of antibody. Untreated cells were included in each experiment.
Two-color spotted oligonucleotide arrays (Microarray Research Facility NIAID, NIH, Bethesda, MD) were utilized for transcriptional expression data acquisition. Total RNA was purified by using an RNeasy kit (Qiagen, Valencia, CA). A 5-g portion of total RNA was labeled by using a modified aminoallyllabeling method, followed by hybridization as previously published by Han et al. (8) . After washing, arrays were dried using a Labnet Spectrafuge Mini (Labnet, Edison, NJ) and scanned using an Axon GenePix 4200A microarray scanner with GenePix Pro 5.1 software (Molecular Devices, Sunnyvale, CA). Raw microarray data was uploaded to the mAdb microarray database (http://nciarray.nci.nih .gov/). Array data were normalized by 50th percentile normalization, and the spot intensity was calculated by subtracting the local median background from the mean foreground intensity. Array replicates were averaged across treatments, and gene expression fold values were obtained from the normalized Cy5/Cy3 ratios.
Genes that were upregulated at 24 h after IFN treatment were selected by comparison of IFN-treated and untreated samples. Differences in gene expression were tested for statistical significance by using t tests, and all genes for which differential expression in the AV samples was found significant at the Ͻ0.05 P value were noted. The genes commonly induced by both IFN-␣2c and HY-2 were reported. Further analysis of gene expression profiles after 6 h of incubation helped indicate genes associated with early roles in IFN-induced AV mechanisms.
Quantitative real-time RT-PCR. To confirm gene expression data from microarray experiments, quantitative reverse transcription-PCR (qRT-PCR) was performed on samples identical to those used for microarray analysis.
SYBR green qRT-PCR was performed by using a Brilliant II SYBR green qRT-PCR master mix kit (Stratagene, La Jolla, CA). The final 25-l reaction mix consisted of a SYBR green qRT-PCR master mix, reference dye (2 M), RT/ RNase block enzyme mix (0.0625 l per 25-l reaction), forward and reverse gene specific primers (400 nM each), and template RNA (20 ng per reaction). qRT-PCRs were set up in 96-well ABgene PCR plates (Thermo Scientific, Waltham, MA) and run on MX3000P or MX2005P real-time thermocyclers (Stratagene).
Primers of ϳ20mer length (Table 1) were designed, and a three-step cycling protocol was performed as previously described (35) . The results were analyzed by using MxPro software (version 4.01). The data were expressed as the mean 6 A549, OVCAR-3, HeLa, HuH7, 2fTGH, B-JAB, Jurkat, and U937 cells and monocytes were treated with the lowest IFN-␣2c concentrations (as indicated in the figure legends), allowing AV properties, and harvested 24 h after treatment. Cell lysates were prepared by using mammalian protein extraction reagent (M-PER) with protease and phosphatase inhibitor cocktails (Pierce, Rockford, IL). Protein concentrations were determined by measuring the absorbance at 280 nm, using a Nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE). Samples (50 g) were analyzed by SDS-PAGE using 10 to 20% Tris-glycine gels, (Invitrogen Corp., Gaithersburg, MD) under reducing conditions, followed by Western blotting (WB) (32) . Antibodies for the detection of STAT1 (immunogen 592-731), pSTAT1 (pY701), IFIT3 (RIG-G), and IRF-9 were obtained from BD Transduction Lab (San Jose, CA). Antibodies for detection of STAT2 (immunogen 671-806) and pSTAT2 (pY689) were obtained from Upstate (Charlottesville, VA), monoclonal antibodies for detection of actin, UBE2L6, IRF7 (C-term), and SP100 were obtained from Abcam (Cambridge, MA). The antiMxA antibody was a generous gift from O. Haller, University of Freiburg, Freiburg, Germany; anti-OAS1 antibody was a gift from S. Sarkar, Lerner Research Institute, Cleveland, OH; anti-IFI44 antibody was a gift from U. Certa, Hoffmann-LaRoche, Basel, Switzerland; and anti-BST2 antibody was a gift from K. Strebel, NIAID, NIH, Bethesda, MD. The anti-IFI44L and anti-HSH2D antibodies were purchased from Novus Biological, Inc. (Littleton, CO). Antibodies to PKR, TREX-1, OAS2, and CD225-17 (IFITM1) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to RSAD2 were obtained from the Proteintech Group (Chicago, IL), and anti-IFI35 antibodies were obtained from Abnova (Walnut, CA). Biotinylated protein ladder (10 to 200 kDa; Cell Signaling Technology) was used as a molecular weight marker. The nitrocellulose membranes were developed by using a SuperSignal West Femto maximum sensitivity kit (Pierce, Rockford, IL) and visualized with an LAS-3000 charge-coupled device camera system (Fujifilm Medical System, Stamford, CT).
RNA interference antiviral assay. A549 cells were seeded at 2.5 ϫ 10 5 cells/ well on 24-well plates and immediately transfected for 24 h with 20 nM 25-bp specific (IFIT3, sense, 5Ј-AUUCGAAUAGUCCAUAGCAUAUUGC-3Ј) or negative control (low GC) Stealth siRNA oligonucleotides (Invitrogen, Carlsbad, CA), using 5 g of Lipofectamine 2000 (Invitrogen) diluted in Opti-MEM (Gibco/Invitrogen Corp., Grand Island, NY). Cells were then treated with IFN for 24 h as indicated. After IFN treatment, the culture medium was removed, and EMCV, at a multiplicity of infection (MOI) of 0.01, was added in medium containing 2% FBS. Each experiment was performed simultaneously on two 24-well plates. At 48 h postinfection, supernatants were harvested from one plate to evaluate virus titers, and corresponding cell layers were stained with crystal violet. The absorbance at 570 nm (A 570 ) of each well was determined, and the percentage of cells protected by IFN from virus was calculated by using the above-mentioned equation. The effect of IFIT3-siRNA transfection on virus titer was examined by plaque assay on Vero cells as described above, using the harvested supernatants. Cells from the second plate were harvested after IFN treatment and subjected to WB analysis as previously described to analyze the efficiency of IFIT3-siRNA transfection. The results were confirmed by using 19-bp specific (IFIT3, sense, 5Ј-GCA AUA UGC UAU GGA CUA U-3Ј) or negative control siGenome nontargeting #1 siRNA oligonucleotides (Dharmacon, Inc., Lafayette, CO).
Overexpression of IFIT3. To construct the IFIT3 expression vector, a 1,473-bp fragment of the IFIT3 open reading frame from genomic DNA of the A549 cell line (ATCC) was amplified using a forward primer containing an EcoRV site (underlined) with the sequence 5Ј-ATCGATATCATGAGTGAGGTCACCAA GAATTC-3Ј (start codon in boldface) and a reverse primer containing a BamHI site (underlined) with the sequence 5Ј-GATGGATCCTCAGTTCAGTTGCTC TGAGTTAG-3Ј (stop codon in boldface). PCR amplification was performed using a DNA thermal cycler. Amplified products were digested with EcoRV and BamHI, purified from agarose gel, and then cloned into vector pIRESpuro3 (Clontech Laboratories, Inc., Mountain View, CA). The generated plasmid pIRESpuro3-IFIT3 contains a puromycin resistance gene for the selection of stable clones in human cell lines. The Escherichia coli strain DH5␣ competent cell (Invitrogen) was used for the production of pIRESpuro3-IFIT3 plasmid. Individual ampicillin-resistant colonies were isolated and grown overnight at 37°C in LB medium supplemented with ampicillin. The plasmid DNA was purified by using Qiagen plasmid kits, and the quality of the preparation was verified by agarose gel analysis and restriction mapping (data not shown). The transient cell line containing the IFIT3 gene was created by transfecting Vero cells with the plasmid containing IFIT3 using FuGENE HD (Roche Diagnostic Corp., Indianapolis, IN), as recommended by the supplier. Expression of IFIT3 was confirmed by WB analysis. To estimate the effect of IFIT3 on the virus titer, Vero cells were infected with either VSV or EMCV at an MOI of 0.0001. The supernatant and cell layer were collected at 15 h postinfection. The virus titer (TCID 50 ) was determined on Vero cells as described elsewhere (1) .
RESULTS

Establishment of conditions for gene expression analysis.
An MTT assay was developed that distinguishes between the AP and AV activities of IFN-␣ in a single assay. Testing of IFNs in this novel assay identified conditions that limited IFNinduced activity to AV protection. Treatment of Daudi cells with 0.0036 ng of IFN-␣2c/ml resulted in 19% AV protection, and treatment of cells with 0.036 ng of HY-2/ml yielded 23% AV protection. Fifty-four percent AV protection was observed with international standard (Gxa1-901-535) at a concentration of 2.5 IU/ml (0.0125 ng/ml). Treatment of Daudi cells with higher concentrations of IFN-␣2c resulted in overlapping AP/AV phenotype or AP phenotype only (Fig. 1) .
The results of cell viability and virus titer evaluation after treatment with the selected concentrations confirmed that the concentration required for AV protection had no effect on cell proliferation but resulted in increased cell viability in comparison to virus-infected cells only (data not shown). The same concentration of IFN-␣2c was able to reduce the virus titer in comparison to an untreated control ( Table 2 ). The concentra- tions associated with AV protection but not AP activity were utilized in the gene microarray analysis. All experiments were performed with HY-2 and IFN-␣2a standard, and similar results were obtained (data not shown).
Results from neutralizing experiments showed achievement of maximal AV protection at 15 h of incubation with IFN ( Table 3) . Analysis of the gene expression profile after treatment of AP phenotype cells and IFN-␣2a standard (2.5 IU/ml) at 6 h identified 24 of these genes as early IFNupregulated genes in Daudi cells (Table 4) . FLJ11286 was not detected at 6 h.
qRT-PCR confirmed the upregulation for 23 of the 25 genes selected by microarray at 6 and 24 h (data not shown). Upregulation of 2 of 25 genes, GOT1 (glutamic-oxaloacetic transaminase 1) and KCNJ1 (potassium inwardly rectifying channel, subfamily J, member 1) were not confirmed. These results were obtained with three different primer sets. The discrepancy between microarray and qRT-PCR can be explained by nonspecific annealing of target sequences to the array (since dissociation curve analysis showed only a single peak for each primer set). Neutralizing anti-IFNAR1 MAb 64.10 reduced expression of all 23 genes at 24 h (data not shown). FLJ11286 was not detected by microarray at 6 h but was detected in qRT-PCR. This discrepancy may be explained by differences in the sensitivity of the methods. The WB analysis of samples treated with the selected concentrations of IFN-␣2c at 6 h identified IRF9, IFIT3, RSAD2, STAT1, IFI35, HSH2D, and UBE2L6 as early IFN-induced proteins (Fig. 3A) . Seventeen proteins, including MxA, IRF9, IFIT3, PKR, IFI35, SP100, IFITM1, HSH2D, RSAD2, UBE2L6, IFI44, IRF7, STAT1, OAS1, OAS2, IFI44L, and TREX-1, were detected by WB at 24 h (Fig. 3B) .
Analysis of samples showing an AP phenotype and identically prepared samples transformed to the AV phenotype via additional treatment with anti-IFNAR1 MAb 64.10 (1 g/ml) by WB showed reduced expression of MxA, RSAD2, IFI44L, IFITM1, IFI44, OAS1, and TREX1 (Fig. 3A, lanes 4 and 5) . The same concentration of anti-IFNAR1 MAb completely neutralized 2.5 IU of IFN-␣2a standard/ml, which further decreased the levels of IRF9, IFIT3, SP100, RSAD2, STAT1, STAT2, IFI35, IFITM1, HSH2D, UBE2L6, IFI44, OAS1, and OAS2 (Fig. 3A, lanes 6 and 7) . Similar results were obtained for HY-2 (data not shown). Thus, results of neutralizing experiments provide compelling evidence of a correlation between expression of these proteins and IFN AV activity.
Further analysis of IFIT3 by Western blotting confirmed the presence of IFIT3 in all tested cell lines ( Fig. 4A and B) . AV protein expression after viral infection. Treatment of Daudi cells with EMCV leads to induction of type I IFN, followed by induction of IFN-stimulated genes. All early gene products previously detected after treatment of Daudi cells with IFN-␣2c and HY-2 were detected 24 h after EMCV treatment (Fig. 5) . Interestingly, EMCV did not replicate in Daudi cells and did not cause cell death. EMCV infection did, however, induce high levels of type I IFN. The presence of induced IFN inhibited cell proliferation at 48 h after EMCV treatment, as confirmed by using anti-IFNAR2 neutralizing antibody (data not shown).
WB analysis of Daudi cells incubated with VSV and 2.5 IU of IFN-␣2a/ml (the concentration allowing maximal AV protection without an AP effect) showed that VSV had no effect Interestingly, a decreased level of Ube2L6 was observed in cells treated with VSV only. In addition, a significant decrease in levels of all examined genes was observed 12 h after IFN and VSV treatment (data not shown). RNA interference and overexpression of IFIT3. To further elucidate the role of IFIT3 in AV activity of IFN, siRNA knock-down experiments were performed. Because it is not possible to transfect Daudi cells with siRNA, A549 cells, which are similarly sensitive to the AV activity of type I IFN and have similar gene products (data not shown), were substituted. The addition of a specific siRNA for IFIT3 prior to IFN treatment resulted in full inhibition of IFN AV activity against VSV and partial inhibition against EMCV compared to nonspecific (NS) siRNA (Fig. 6A) . A concentration of 10 IU of IFN-␣2a/ml and 2-fold dilutions from that concentration were selected to avoid masking the IFIT3 siRNA inhibition induced by higher concentrations of IFN. The IFIT3 knock-down efficiency was confirmed by WB (Fig. 6A) . Finally, a comparison of virus titers derived from selected samples treated with nonspecific versus specific siRNA for IFIT3 confirmed the decreased efficiency of IFN AV effect (Fig. 6B) . Overexpression of IFIT3 in Vero cells resulted in a decrease in the virus titers of both VSV and EMCV (Fig. 7) .
DISCUSSION
Gene expression microarray analysis is a widely used method of identifying genes that are induced by IFN (5, 13, 16, 23, 28, 34, 40) . However, most of these studies use high concentrations of IFN for treatment of cells. Since IFNs are produced in mammalian cells at picomolar concentrations, and these concentrations are sufficient for AV protection, it is important to identify genes and proteins responsible for the AV activities of IFNs under these conditions. Separation of IFN antiviral genes from genes with other functions has been challenging. Moreover, identification of IFN-induced genes under conditions for antiviral protection but no growth inhibition has not previously been reported. The MTT assay was modified to identify conditions of AV protection, but not growth inhibition, on Daudi cells. Gene expression profiles were then examined using these conditions at 6 and 24 h. The use of two different IFNs (HY-2 and IFN-␣2c) helped to narrow down the list of genes and resulted in the identification of 25 gene candidates associated with AV protection in Daudi cells.
Some of the upregulated genes we identified, including PKR, MxA, OAS1, OAS2, UBE2L6, IRF7, IRF9, STAT1, RSAD2, SP100, IFI 35, BST2, and IFITM1, have previously been reported as associated with IFN AV function (2, 4, 14, 20, 24-26, 29, 33) . Further, a connection between IFN and the genes IFI6, IFI44, TREX-1, IFIT3, PARP12, FLJ11286, IFI44L, IFI27, and LY6E has been previously reported (5, 13, 16, 23, 28, 34, 39, 40) . However, the role of these genes in type I IFN AV activity was not described. HSH2D is reported for the first time as IFN-stimulated gene.
IFIT3 was originally described as an all-trans-retinoic acid (ATRA)-and IFN-induced gene in NB4 cells, which were derived from a patient with acute promyelocytic leukemia (38) . An association between ATRA and IFIT3 could be explained based on the fact that ATRA induces IFN-␣ (22) . As our results showed, IFIT3 was the most upregulated among all genes at 6 and 24 h in Daudi cells after IFN-␣ treatment. In addition, the presence of this protein after IFN-␣ treatment in numerous cell lines (A549, Huh7, OVCAR-3, 2fTGH, HeLa, Daudi, monocyte, B-JAB, U937, and Jurkat cells) suggested the importance of IFIT3 in the mechanism of IFN actions (36) . IFIT3 belongs to the IFI54/IFIT2 family (6) . Subcellular distribution of IFIT3 showed a diffuse distribution pattern in cytoplasm (38) . Analogues of IFIT3 were identified in different species (6) . The ubiquity of this protein during the presence of IFN suggests IFIT3 may be an excellent biomarker of IFN action.
HSH2D was not previously reported as being upregulated by type I IFN. It is a protein that was found to protect the WEHI-231 B-cell line from undergoing apoptosis in response to B-cell antigen receptor complex (BCR) ligation through its ability to directly or indirectly promote mitochondrial stability (9) . Our results, together with those of several earlier studies, suggest that HSH2D is expressed in lymphoid, as well as myeloid, lineage cells (7, 21) . It has been hypothesized that HSH2D may be involved in cytokine-induced signaling (7) . Expression of human HSH2D was shown to inhibit interleukin-2 and promote activation in Jurkat T cells (7) . Similar to STAT1, HSH2D contains an SH2 domain (19) . It has been shown that the carboxyl-terminal segment of HSH2D is critical for the trafficking of HSH2D between cytoplasm and nucleus. It has also been reported that nuclear export is a CRM1-dependent process (27) . However, the role of HSH2D in IFN AV function remains to be elucidated.
In conclusion, our novel MTT AV/AP assay is the first to allow examination of IFN AP and AV activities simultaneously on a suspension cell line. This assay is compatible with a broad range of IFNs and is applicable to different cell lines (e.g., OVCAR-3 [data not shown]). The microarray analysis of samples developed by using the MTT AV/AP assay allowed identification of 25 genes associated with IFN AV activity; 10 of these 25 genes have not been previously reported as linked to AV activity of IFN. HSH2D is reported for the first time as a gene being upregulated in response to IFN treatment. IFIT3 was the most upregulated gene. The siRNA knockdown of IFIT3 results in increased sensitivity of A549 to two different viruses. Overexpression of IFIT3 in VERO cells led to a decrease in virus titer after infection. Thus, the results of the present study suggested IFIT3 as a key element of IFN-␣ AV activity. To better understand the IFN AV signaling pathway, future work will be required to shed light on the function of these genes. Finally, uncoupling of AV and AP effects may be important for maximizing efficacy and minimizing adverse effects with IFN treatment for a variety of chronic viral infections and cancers.
